Fly ash deposition is an important phenomenon associated with ash/slag handling and discharge in the entrained-flow coal gasification process. Fouling and slagging inside the gasifier may cause reliability and safety problems because they can impose strong negative effects on the gasifier wall in the way of heat transfer and chemical corrosion. For these reasons, this study focuses on investigating the ash deposition distribution inside of a two-stage entrained-flow gasifier. The computational model is developed in order to simulate the gasification process with a focus on modeling ash formation, fly ash, and ash deposition. The Eulerian-Lagrangian approach is applied to solve the reactive thermal-flow field and particle trajectories with heterogeneous reactions. The governing equations include the Navier-Stokes equations, twelve species transport equations, and ten global chemical reactions consisting of three heterogeneous reactions and seven homogeneous reactions. The coal/ash particles are tracked with the Lagrangian method. The effects of different coal/ash injection schemes and different coal types on ash deposition have been investigated. The results show that the two-stage fuel feeding scheme could distribute the ash throughout a larger gasifier's volume and, hence, could reduce the peak ash deposition rate and make the ash distribution more uniform inside the gasifier. Gasification of a high-ash coal results in a high ash deposition rate, low syngas higher heating value (HHV), and low carbon conversion rate. The result of ash deposition rate in this study can be used as a boundary condition to provide ash particle influx distribution for use in slagging models.
Introduction
Gasification is an incomplete combustion process, converting a variety of carbon-based feedstock into clean synthetic gas (syngas), which is primarily a mixture of hydrogen (H 2 ) and carbon-monoxide (CO) as fuels. Feedstock is partially reacted with oxygen at high temperature and pressure, using less than 30% of the oxygen required for complete combustion (i.e., the stoichiometric ratio is 0.3). The syngas produced can be used as a fuel, usually for boilers or gas turbines to generate electricity. It can also be made into a substitute natural gas (SNG), hydrogen gas, and/or other chemical products. Gasification technology is applicable to any type of carbon-based feedstock, such as coal, heavy refinery residues, petroleum coke, biomass, and municipal wastes. To help understand the gasification process in gasifiers and subsequently use the learned knowledge to guide the design of more compact, more cost-effective, and higher performance gasifiers, computational fluid dynamics (CFD) has been widely employed as a useful tool to achieve these goals. As a part of this learning process, the CFD model is utilized to help provide some preliminary understanding of ash deposition behavior in an entrained flow gasifier.
Coal ash is the mineral residue that is obtained as a byproduct of the combustion and gasification of coal. When burned or gasified in industrial reactors, these mineral residuals are discharged from the flue gas or synthetic gas in the forms of fly ash, bottom ash, and slag. Fly ash, which constitutes 85% -90% of the overall ash, is a fine, light gray powder made up of glassy spheres from less than 1 to more than 100 microns in size, (typically, 98% smaller than 75 microns; 70% -80% smaller than 45 microns). The material has a bulk density of about 0.8 -1 ton per cubic meter and a maximal density of 1000 -1400 kg/m 3 [1] . Fly ash contains cenospheres-hollow spherical particles that have an especially low bulk density of 0.4 -0.6 tons per cubic meter and constitutes up to 5% of the ash weight. Cenospheres are suitable for certain special industrial applications. Bottom Ash, which constitutes about 10% -15% of the overall ash, has an appearance similar to dark-gray, coarse sand, and its particles are clusters of small granules, up to 10 mm in diameter (typically, 60% -70% smaller than 2 mm. 10% -20% smaller than 75 microns). It has a bulk density of about 1 ton per cubic meter and a maximal density (modified) of 1200 -1500 kg/m 3 . Most entrained-flow coal gasifiers are designed to operate at temperatures above the ash fusion temperature, in which the ash melts and deposits along the wall, forming a slag layer. Up to 90% of the ash can be discharged as molten slag from the bottom of the furnace or gasifier to a waterquenched slag hopper, where it forms crystal pellets [2] .
Slagging gasification has the advantages of higher energy efficiency, broader feedstock selection, as well as a higher utilization value of the low-carbon content slag residuals [3] [4] . However, the challenges of ash deposition and slag formation also need to be addressed carefully in the coal gasification process. The fouling and slagging may damage the gasifier refractory bricks and equipment, resulting in more frequent maintenance calls and increased maintenance cost. For instance, the accumulation and subsequent shedding of large ash deposits could restrict syngas flow, and the molten slag may cause excessive corrosion on the gasifier's refractory wall. Moreover, the slag may encounter a discharging problem when its viscosity becomes high due to gradual solidification [5] . Therefore, a good understanding of the ash deposition and slag formation behaviors is imperative to the gasifier's design and optimization as well as operation and maintenance.
Commonly, fouling is initiated by the deposition of ash within a thin layer of condensed vapor. The composition is mainly high in alkali metals [6] . The deposition behavior of particles can be explained by the surface deposition of sticky minerals and surface tension of the molten slag. For most cases, the innermost layers consist primarily of small particles, largely formed from sodium (Na), calcium (Ca), and magnesium (Mg), a portion of which can be transported to the surface by vapor phase diffusion and thermophoresis. The initial deposit layers can provide a sticky surface that traps incoming particles. Moreover, the initial layers could provide fluxing materials that will cause larger particles to melt. As a result of the insulating effect of the deposit layer on the surface, the outer layers are formed at higher temperature, which causes the ashes to melt, and slide down the surface as a molten slag layer. Once the liquid phase has formed at the outer layers, it becomes an efficient collector of ash particles, regardless of the individual melting characteristics of the particles [7] .
Ash deposition mechanisms have been widely investigated in coal/biomass combustion reactors. Shao investigated the ash deposition that occurs during the co-firing of biomass/peat with coal in a pilot-scale fluidized-bed reactor [5] . His study discovered that the fluidized-bed combustion of an individual fuel or a fuel blended with another fuel of higher moisture content produced not only a more uniform temperature profile along the fluidized-bed column but also reduced the ash deposition rate. A higher chlorine concentration in the feed would generally result in a higher tendency of ash deposition. Adding sulfur into the fuel could effectively decrease the chloride deposition in the ash deposits via sulfation. The sulfur addition could also reduce the ash deposition rate for the combustion of lignite, while it slightly increased the ash deposition rate for the peat fuel.
Barroso et al. studied coal ash deposition in an entrained-flow reactor by using ASTM procedures and Com-puter-Controlled Scanning Electron Microscopy (SEM) [8] . The influence of coal type, blend composition, and operating conditions were investigated separately. A consistent relationship was found between the deposit growth rates and the aerodynamic diameter of the fly ash particles. Fernandez-Turiel, et al. experimentally studied the ash deposition in a pulverized coal-fired power plant after high-calcium lignite combustion [9] . They discovered that the formation of ash deposits was closely associated with gas-solid reactions. No liquid phases seemed to contribute to either the adhesion to walls or the joining of particles together. On the other hand, alkaline element compounds had no role in the buildup of deposits. Regarding ash deposition in the coal gasification process, Xu et al. investigated the low temperature ash deposition behavior in a coal gasifier by using an experimental method. A laminar drop tube furnace was utilized in the experiment to simulate ash deposition behavior [7] . They found that the variations of flue gas temperature play an important role in the deposition of ash. Also, the ash deposition rate increases with bigger coal particle size, higher deposit surface temperature, and flue gas temperature. Cao, et al. investigated the characteristics and mechanism of fly ash deposited in the Shell coal gasification process [10] . The chemical composition, particle size distribution, surface topography, and elemental composition of fly ash samples derived from coal A and coal B were studied by an X-ray fluorescence spectrometer, a JX-2000 microscopic image analyzer, and a computer-controlled scanning electron microscope, respectively. The results showed that the ash deposition characteristics are determined by the surface properties and elemental composition of the fly ash particles in different coal types.
The CFD modeling of the ash deposition and slag formation mechanisms has been further developed in the recently years. Ahmadi, et al. developed a computational model for simulating the gas flow, thermal conditions, and ash transport and deposition patterns in the hot gas filtration systems [11] . The ash particle transport and deposition pattern was analyzed with the Largrangian particle tracking approach. Schulze developed a CFD based deposit formation model for biomass-fired boilers [12] . The model considered the condensation of ash vapors; deposition of coarse, salt-rich and silica-rich fly ash particles; brittle and ductile erosion of the deposit layer by non-sticky particles; aerosol formation; and ash deposition under the consideration of a single particle size class.
Yong et al. proposed a set of particle trap criteria for the slag-particle interaction and applied it in a 1-D slag flow model [13] [14] . Chen, et al. expanded Yong's slag model, along with sub-models designed to assess charslag interaction and wall burning, and implemented it in 3-D CFD simulations of oxy-coal combustion [2] . The slag deposition and thickness distribution along the circumference of the furnace wall due to a non-uniform flow field was presented. Most of the aforementioned studies are related to ash deposition in a combustion process where the gas and wall temperatures are higher than those in the gasifictin process. However, the CFD modeling of the ash deposition mechanism in an entrained flow coal gasification process has not been well developed. The purpose of this study is to incorporate the ash deposition mechanism into the complete coal gasification model. Each coal particle has been tracked by the Lagrangian method to go through the processes of coal surface moisture evaporation, devolatilization, coal combustion, coal gasification, and ash deposition. The ash deposition rates along the gasifier wall are investigated and compared among different cases by employing different coal feeding schemes and using different coal types. Moreover, the effect of the ash deposition rates on the gasification performance, including syngas temperature, composition, and higher heating value (HHV); carbon conversion rate are also investigated in this study.
Global Gasification and Chemical Reactions
This study deals with the global chemical reactions of coal gasification that can be generalized in reactions (R1) through (R11) in Table 1 . In this study, the volatiles are modeled to go through a two-step thermal cracking process (R7-8) and the gasification processes (R9-10) with CH 4 and C 2 H 2 as the intermediate products. The empirical finite rate of the water gas shift reaction, A = 2.75, E = 8.38 × 10 7 kJ/kmol, is adopted based on the investigation carried out by Lu and Wang [15] [16] .
In order to investigate the effect of the ash content in the coal on the gasification performance, two types of coal with different ash contents are selected in this study. One is Illinois No. 6 coal (IL-6) with an ash content of 9.7% by weight, whose composition is given in Table 2 . The other coal is West Kentucky No. 11 (WK-11) with an ash content of 31.83% by weight, whose composition is given in Table 3 . The compositions of the volatiles are derived from each coal's heating value, proximate analysis, and ultimate analysis: The oxidant is considered to be a continuous flow, and the coal particles are considered to be the discrete phase. The coal particles include the fixed carbon, volatiles, inherent moisture, and ash. The water content is treated with two separated components: the inherent moisture inside the coal and the moisture on the coal surface. In order to include the energy to overcome the resistance of driving the inherent moisture out of the pores of the coals, a simple model is applied by increasing the standard latent heat of H 2 O by 20%. For surface water over the particle, the standard latent heat is used. The volatiles are modeled such that they are thermally cracked to CO, H 2 , CH 4 , C 2 H 2 , N 2 , HCl, H 2 S, and COS. Based on DOE/NETL's report [17] , the ratio of H 2 S/COS is given to be 5:1. All these cracked volatile products are considered to be part of the continuous gas phase.
Computational Model
The computational model and submodels (devolatilization, reactions, particle dynamics, gasification) used in the study are the same as initially developed by Silaen and Wang [22] and improved by Lu and Wang [23] [24] . Therefore, the governing and associated equations and detailed modeling intricacies are not repeated here, but they are briefly summarized below. The time-averaged, steady-state Navier-Stokes equations as well as the mass and energy conservation equations are solved. Species transport equations are solved for all gas species involved. The standard k-ε turbulence model with standard wall function is used to provide closure. The P1 model is used as the radiation model. The Chemical Percolation Devolatilization (CPD) model is used as the devolatilization model. The flow (continuous phase) is solved in Eulerian form as a continuum while the particles (dispersed phase) are solved in Lagrangian form as a discrete phase. A stochastic tracking scheme is employed to model the effects of turbulence on the particles. The continuous phase and discrete phase are communicated through drag forces, lift forces, heat transfer, mass transfer, and species transfer.
Discrete Phase Modeling
Gasification or combustion of coal particles undergoes the following global processes: 1) inert heating; 2) evaporation of surface moisture; 3) devolatilization and demoisturization; 4) coal combustion and gasification; and 5) ash deposition. The initially inert coal particles will go through a heating process to increase the particle temperature. When the surface temperature of a coal particle reaches the vaporization temperature, T vap , the surface moisture starts to evaporate. The vaporization temperature is determined by the water vapor partial pressure. Water evaporation continues until the droplet reaches the boiling point, T bp , when the inherent moisture starts to evaporate and gets driven out. The boiling temperature is determined by the pressure inside the gasifier, i.e., the total pressure of all the gases. In the meantime, devolatilization takes place when the temperature of the coal particle reaches the vaporization temperature of the volatiles, and remains in effect until the volatiles are completely vaporized out of the coal particles. Here, the vaporization temperature refers to combusting materials (volatiles), and is different from the vaporization temperature of surface moisture. Silaen and Wang [22] compared the effect of four different devolatilization models on the gasification process. They concluded that the rate calculated by the Kobayashi two-competing rates devolatilization model is very slow, while that of the Chemical Percolation Devolatilization (CPD) model gives a more reasonable result. Therefore, the CPD model was chosen for this study. The CPD model considers the chemical transformation of the coal structure during devolatilization. It models the coal structure transformation as a transformation of a chemical bridge network, which results in the release of light gases, char, and tar. The initial fraction of the bridges in the coal lattice is 1, and the initial fraction of char is 0. The lattice coordination number is 5. The cluster molecular weight is 400, and the side chain molecular weight is 50.
Particle Reactions
The reactions of the particles occur after the devolatilization process has finished. The rate of depletion of solid due to a surface reaction is expressed as:
where R = rate of particle surface species depletion (kg/s) A = particle surface area (m 2 ) Y = mass fraction of the solid species on the surface of the particle η = effectiveness factor (dimensionless) R = rate of particle surface species reaction per unit area (kg/m 2 ⋅s) p n = bulk concentration of the gas phase species (kg/m 3 ) D = diffusion rate coefficient for reaction k = kinetic reaction rate constant (units vary) N = apparent order of reaction. The kinetic reaction rate constant is usually defined in an Arrhenius form as
For reaction order N = 1, the rate of particle surface species depletion is given by
For reaction order N = 0,
The unit of the rate of depletion of the solid R is kg/s. The kinetic reaction rate constant k (kg/m 2 ⋅s) for the solid-gas char reactions are determined by the kinetic reaction rate constants adopted from published literatures as presented in Table 1 .
Coal Particle Motion Theory
In this study, coal particles are treated as a discrete phase, so the Lagrangian method is adopted to track each particle. The discrete phase is justified in entrained-flow gasification process because the average particle concentration is lower than 10%. Particles in the airflow can encounter inertia and hydrodynamic drag. Because of the forces experienced by the particles in a flow field, the particles can be either accelerated or decelerated. The velocity change is determined by the force balance on the particle, which can be formulated by:
where F D is the drag force per unit particle mass and:
where m p is the particle mass, d p is the particle diameter, v is the fluid phase velocity, v p is the particle velocity, ρ is the fluid phase density, ρ p is the particle density, g is gravity, μ is the fluid phase molecular viscosity, and C D is the drag coefficient. The gravitational force, F g , is calculated as the second term in Equation (6) as:
The relative Reynolds number, Re, is defined as:
F x in Equation (6) is an additional acceleration (force/unit particle mass) term, and typically includes the "virtual mass" force, thermophoretic force, Brownian force, Saffman's lift force, etc. In this study, the thermophoretic and Saffman's list forces are included.
Virtual Mass Force
The "virtual mass" force is the force required to accelerate the fluid surrounding the particle. This force can be written as:
This force is important only when ρ > ρ p . It is not included in this study since the density of each coal particle is much larger than the density of the surrounding gas mixture.
Brownian Force
The Brownian force is caused by the random impacts of the particles with agitated gas molecules. For submicron-sized particles, the Brownian force could be quite important. In particular, near solid surfaces where the intensity of turbulence becomes negligibly small, the Brownian force could be an important transport mechanism. In this study, the size of each coal particle is 50 µm, so the Brownian force is not included.
Saffman's Lift Force
The Saffman's lift force, or lift due to shear, is based on the derivation from Li and Ahmadi [25] , which is expressed in a generalized form originating from Saffman [26] :
where K = 2.594 and d ij is the deformation tensor. This form of the lift force is intended for small particle Reynolds numbers. Also, the particle Reynolds number based on the particle-fluid velocity difference (slip velocity) must be smaller than the square root of the particle. The Reynolds number is based on the shear field. In this study, Saffman's lift force reaches about 30% of F g , so it is included in the particle motion model.
Magnus Force
The Magnus force is the lift force acting on a particle that develops due to its rotation. The lift is caused by the pressure difference between both sides of the particle, resulting from the velocity difference between the same due to rotation. Kallio and Reeks [27] noted that, in most regions of the flow field, the Magnus force is not important and at least an order of magnitude smaller than the Saffman force. As a consequence, it is ignored in this study.
Thermophoretic Force
When a particle exists in a flow field with temperature gradients, the force that arises on the particle due to this temperature gradient is called the thermophoretic force. This force is caused by the unequal momentum between the particle and the fluid. The higher molecular velocities on one side of the particle due to the higher temperature give rise to more momentum exchange and a resulting force in the direction of decreasing temperature. An extensive review of thermophoresis by Talbot et al. indicated that the following equation for the thermophoretic force, F x , provides the best fit with experimental data over a wide range of Knudsen numbers [28] :
where Kn = Knudsen number = 2λ/dp λ = mean free path of the fluid K = k/k p k = fluid thermal conductivity based on translational energy only = (15/4)µR k p = particle thermal conductivity C S = 1.17 C t = 2.18 C m = 1.14 m p = particle mass T = local fluid temperature µ = fluid viscosity This expression assumes that the particle is a sphere and that the fluid is an ideal gas. In this study, the local temperature gradient in the flow field is important because of local combustion and gasification reactions between the coal particles and gas mixture. Therefore, the thermophoretic force is considered in this study.
Turbulent Dispersion of Particles
The dispersion of particles due to turbulence in the fluid phase is predicted by using a stochastic tracking scheme, which is modeled with the eddy lifetime. In this model, each eddy is characterized by the Gaussian-distributed, random velocity fluctuations u′ , v′ , w′ , and a time scale e τ . Therefore, the particle trajectories are calculated by using the instantaneous flow velocity (u) rather than the average velocity ( ) u . The velocity fluctuation is then given as:
where ζ is a normally distributed random number. This velocity will apply during a characteristic lifetime of the eddy (t e ), calculated from the turbulence kinetic energy and dissipation rate. After this time period, the instantaneous velocity will be updated with a new ζ value until a full trajectory is obtained.
Computational Models and Assumptions
The computational domain and elements on the gasifier wall are shown in Figure 1 . The grid consists of 1,106,588 unstructured tetrahedral cells. In the simulation, the buoyancy force is considered, varying fluid properties are calculated for each species and the gas mixture, and the walls are assumed impermeable and adiabatic. Since each species' properties, such as density, C p -value, thermal conductivity, absorption coefficient, etc. are all functions of temperature and pressure, their local values are calculated by using a piecewise polynomial approximation method. The mixture properties are calculated by taking the mass-weighted average. The flow is steady and the no-slip condition (zero velocity) is imposed on the wall surfaces.
Boundary and Inlet Conditions
The coal is fed as dry powder containing only the inherent moisture. The total mass flow rates of the IL-6 bituminous coal and the oxidant are 11.4 kg/s and 7.64 kg/s, respectively. The total mass flow rate of WK-11 coal and the oxidant are 11.4 kg/s and 5.36 kg/s, respectively. The gasifier's capacity is around 1000 tons of coal per day, and the energy output rate is around 110 MW. These oxidant/coal feed rates both give the same O 2 /C stoi- chiometric ratio of 0.3, which is defined as the percentage of oxidant provided over the stoichiometric amount required for complete combustion of carbon. For the dry coal feed condition, N 2 (5% of the total weight of the oxidant) has been injected to transport the coal powder into the gasifier. Both inherent moisture and ash are treated as part of the coal particles in the discrete phase model, while N is treated as N 2 , Cl as HCl, and S as H 2 S/COS through the volatile cracking model. All of these cracked volatile products are considered to be a continuous gas phase. The inherent moisture is modeled to be released during the early demoisturization process. The vaporized water vapor is modeled as saturated water vapor with 100% concentration at the coal surface, which is diffused and convected away from the coal surface via the water specie transported equation. When all the inherent moisture is vaporized, the coal particle goes through the heterogeneous dry coal gasification process. The oxidant is considered to be a continuous flow, and the coal is considered to be a discrete flow. The discrete phase includes inherent moisture, volatile matters, fixed carbon, and ash. The walls are all set to be adiabatic and are imposed with the no-slip condition (i.e., zero velocity). The operating pressure inside the gasifier is set at 24 atm. The outlet is set at a constant pressure of 24 atm. The syngas is considered to be a continuous flow, and the coal particles from the injection locations are considered to be discrete particles. The particles are considered to be perfectly spherical droplets of uniform size with a diameter of 50 μm each. Although the actual size distribution of the coal particles is non-uniform, a simulation using a uniform particle size distribution provides a more convenient way to track the reaction process of coal particles than a non-uniform size distribution.
Ash Deposition Model
The discrete phase motion is represented by a sufficient number of representative coal particles. The trajectory of each coal particle is calculated by a stochastic tracking method. Each coal particle will go through all the processes stated above: surface moisture evaporation, devolatilization, coal oxidation, and gasification. The unburned char and ash will either be entrained to the exit of the gasifier by the syngas, or get stuck on the wall and form slag. Slag will be formed when the operating temperature of the gasifier is above the ash fusion tempera- The boundary condition of the discrete phase at the walls is assigned as "trap," which means that the unburned char and ash particles will stick on the wall when they reach the wall boundary. This model is proposed for ash deposition based on the assumption that the wall is hotter than the ash fusion temperature and the slagging wall is extreme sticky, so it traps all of the incoming particles once they touch the wall. Once the ash particle is trapped, it is assumed that it will move slowly with the molten slag and no further reaction will continue in the calculation domain. The ash melting process starts from the initial ash deformation temperature to the final stage of fluid temperature, which range from 844 K to 1014 K (1060˚F -1366˚F) for IL-6 coal and from 853K to 1014K (1076˚F -1341˚F) for WK-11 coal [29] . The ash fusion temperature usually refers to the initial ash deformation temperature, when the ash becomes sticky. The preliminary CFD result showed that almost all the gasifier's wall temperature is indeed higher than the fusion temperatures of both coals.
The ash deposition rate in this study is defined as:
N particle is the total number of particles stick on the wall cells, which is tracked by Lagrangian method, m p is the mass of each particle, A face is the area of the cell face at the wall. In this study, only the ash deposition rate is considered for the ash deposition mechanism. The more complex particle-wall interaction models and slag forming mechanism are not included in the current study. More complex models usually involve the establishment of the criteria for the ash "trap" and "rebound" conditions, which are related to the characteristics of the particles' incoming velocities, diameters, and approaching angles, the slag surface tension (associated with Weber number), and the local wall temperature.
Computational Methodology
The computation is performed using the finite-volume-based commercial CFD software, FLUENT 14.0, from ANSYS, Inc. The simulation is steady-state and uses the pressure-based solver, which employs an implicit pressure-correction scheme and decouples the momentum and energy equations. The SIMPLE algorithm is used to couple the pressure and velocity. The second-order upwind scheme is selected for spatial discretization of the convective terms. For the gas/particle phase coupling, where the Eulerian-Lagrangian approach is used, the iterations are conducted by alternating between the continuous and the discrete phases. Initially, one iteration in the continuous phase is conducted followed by one iteration in the discrete phase to avoid having the flame die out. The iteration number in the continuous phase gradually increases as the flame becomes more stable. Once the flame is stably established, fifteen iterations are performed in the continuous phase followed by one iteration in the discrete phase. The drag, particle surface reactions, and mass transfer between the discrete and the continuous phases are calculated. Based on the discrete phase calculation results, the continuous phase is updated in the next iteration, and the process is repeated.
Converged results are obtained when the residuals satisfy a mass residual of 10 . These residuals are the summation of the imbalance in each cell.
Results and Discussions
The effects of different coal/ash injection schemes (single-stage versus two-stage injection) and different coal types (low-ash versus high-ash coal) on ash deposition are investigated. For the two-stage injection, only coal is distributed in two stages, 100% of the oxygen is still injected in the first stage. The following four cases are studied. In the baseline (Case 1), a dry-fed, two-stage configuration is used with a fuel distribution of 100% -0% between the first and the second stages.
• Case 1: IL-6 coal, 100% -0% distribution, injection only in the first stage • Case 2: IL-6 coal, 50% -50% equal injection distribution in 2 stages • Case 3: IL-6 coal, 25% -75% injection distribution in 2 stages • Case 4: WK-11 coal, 50% -50% equal injection distribution in 2 stages
Effect of Different Coal Injection Schemes on Ash Deposition Rate
One of the purposes of employing a two-stage coal injection scheme is to keep the gasifier temperature low downstream from the 2 nd stage, and, thus, extend the life of the refractory bricks, decrease the gasifier shut-down frequency for maintenance, and reduce maintenance costs. By only injecting a certain amount of dry coal without oxygen in the second gasifier stage, only endothermic gasification reactions will occur, thus lowering the exit temperature of the syngas compared to a one-stage injection scheme. Table 4 shows the results of syngas composition, temperature, and higher heating value (HHV) at the exit of the gasifier for Cases 1, 2, and 3. The more coal is injected into the second stage of the gasifier, the lower the syngas temperature is at the exit of the gasifier. The exit syngas temperature decreases from 2079 K (Case 1) to 1902 K (Case 2), and further to 1,819 K (Case 3). The results show that the carbon conversion rates are the same for each coal feeding scheme: all three cases reach 98% carbon conversion, but the syngas higher heating value (HHV) increases from 205,896 kJ/kmol to 208,726 kJ/kmol when the coal (no oxygen) feeding at the second stage increases from 0% to 75%. Figure 2 shows the selected coal particle traces inside of the gasifier. The tangential fuel injectors at the first stage make the coal particles spiral upward, providing more surface interaction between the solid particles and the continuous flow. Most of the coal particles move closer to the wall rather than occupy the central part of the gasifier due to the centrifugal force generated by the spiraling motion. In addition to the pathlines plots shown in Figure 2 , this phenomenon can be also evidenced in the coal particle concentration plots shown in Figure 3 for all three cases with or without second-stage injections. In Case 1, 100% of the coal particles are injected at the first stage, resulting in the highest particle concentration appearing in the lower part of the gasifier, close to the second fuel injection area. In Case 2, 50% of the coal particles are injected at the second stage, resulting in more uniformly distributed particle concentration along the gasifier compared to Case 1, although the highest particle concentration still appears in the lower part of gasifier. In Case 3, heavy loads of particle concentration start to Figure 3 . Contour of the coal particle concentration (kg/m 3 ) for Cases 1, 2, and 3. The upper figure shows the coal particle concentration on the wall while the lower figure shows the coal particle concentration on the central plane.
show up in the upper part of gasifier, since 75% of the coal particles are injected at the second stage. All of the characteristics of coal particle movement are shown as pathlines in Figure 2 , and the distribution of particle concentration inside the gasifier is shown in Figure 3 . Both of these factors directly affect the ash deposition phenomenon. Figure 4 shows the contour of and area-averaged ash deposition rates along the gasifier height for the first three cases. In Case 1, the ash deposition rate in the upper part of the gasifier is much higher than it is in the bottom of gasifier. The highest ash deposition rate is around 0.051 kg/m 2 -s, appearing at the height of 4 m, which is roughly 1 m higher than the second fuel injection location. In Case 2, as 50% of the coal is injected at the second stage, the ash deposition rate in the upper part of the gasifier decreases from Case 1, and the peak ash deposition rate appears at the same location as Case 1, but the value is reduced to 0.032 kg/m 2 -s, which is 63% of the value seen in Case 1. In Case 3, since 75% of the coal is injected at the second stage, the peak ash deposition rate shifts to the upper part of gasifier, at the height of 7.5 m. The peak value is about 0.027 kg/m 2 -s, which is about 53% of the peak deposition rate in Case 1.
Compared to the one-stage fuel injection scheme, the two-stage fuel injection scheme could distribute ash deposition into a larger gasifier's area and, hence, reduce peak ash deposition locally. A more uniform ash distribution can hypothetically form a more uniformly-distributed, solidified slag layer to protect the wall refractory. However, when the slag layer grows thicker, the outer layer will start to flow down as molten slag. Another slagging model will be needed to simulate the ash melting and molten ash solidification and flowing phenomena. The ash deposition rate predicted by this study can serve as a useful boundary condition for slagging models.
Effect of Different Types of Coal on Ash Deposition Rate
In order to investigate the effects of using coals with different ash contents on the ash deposition rate in the gasifier, West Kentucky No. 11 (WK-11) coal has been used as a representative of coals with high ash content. In this case, the ash content is 31.78% by weight. The detailed WK-11 coal information is shown in 50% -50%, two-stage coal feeding scheme is employed as Case 4, and the result is compared with the previously described Case 2. Table 5 shows the comparison of syngas composition, temperature, and HHV at the exit between Cases 2 and 4. It can be seen that WK-11 coal has a poor gasification performance because of the low carbon conversion rate, 52%. WK-11 coal has 31.78% ash content, which is about two times more than the ash content in IL-6 coal. This non-reactive, high ash content seems to inhibit the effective reaction of carbon in the coal particles. Thus, most of the particles that hit the wall, and are subsequently trapped by it, contain unburned char. The low carbon conversion rate leads to a lower syngas HHV. Based on the total syngas HHV rate at the exit of the gasifier, the value in Case 4 (WK-1 coal) is 114,432 kW, only 61% of the value 188,706 kW in Case 2 (IL-6 coal). Figure 5 shows the coal particle concentrations for Cases 2 and 4, and Figure 6 shows the area-weighted average of the ash deposition rates along the gasifier walls for Cases 2 and 4. Both figures indicate that the peak ash deposition rates of both cases appear at the same location: at the height of 4 m. However, the peak ash deposition rate for Case 4 is around 0.35 kg/m 2 -s, which is about 11 times the value found in Case 2. Table 5 shows both the char and ash deposition rates for Cases 2 and 4. The large difference of the ash deposition rates between Case 4 and Case 2 is caused by two reasons. First, the ash content of WK-11 coal is 3.3 times that of IL-6. The total ash deposition rate at the wall in Case 4 is 3.619 kg/s, which is 3.9 times that of Case 2 (0.922 kg/s). Second, a large portion of the coal of the coal particles are trapped by the wall before they can completely react with the oxygen and syngas.
The current model assumes that no reaction occurs once the char is trapped on the wall. Under this assumption, the total un-reacted char deposition on the wall in Case 4 is 1.752 kg/s (about 34.5% of the total char in the WK-11 coal), which is 19 times that of Case 2. If using WK-11 coal for gasification, the large amount of unreacted char is deposited on the wall together with the ash, and the carbon conversion rate is very low, only 52%. Based on the current model with no char being able to continuously react in the wall layer, almost little char can escape to the exit of the gasifier (0.007 kg/s in Case 4). Thus, the char recycling scheme cannot help to increase the carbon conversion rate or improve the gasification performance if a high ash content coal is used. To reduce the char moving toward the wall by the centrifugal force generated by the tangential injection scheme in the first stage, an alternative injection scheme, such as opposing jets injection in the first stage could be considered.
Conclusions
In this study, the ash deposition has been modeled by assuming that all of the particles will be trapped on the IL-6 coal (Case 2) WK-11 coal (Case 4) Figure 6 . Contour of and area-weighted average ash deposition rates along the gasifier wall for Cases 2 and 4.
wall once they touch the wall and no further char reaction will occur at the wall. The ash deposition rate and deposition distribution are investigated by modeling the complete coal gasification process. Each coal particle has been tracked by the Lagrangian method as it goes through the process of coal surface moisture evaporation, devolatilization, coal combustion, coal gasification, and ash deposition. Both moisture and ash are treated as part of the coal particles in the discrete phase model. The ash deposition rates along the gasifier wall are investigated and compared between different cases by employing four different coal stage-feeding schemes. Both a low-ash coal (IL-6) and a high-ash coal (WK-11) are considered. The effect of the ash deposition rate on gasification performance, including syngas temperature, composition, and higher heating value (HHV), and the carbon conversion rate are also investigated in this study. A further modeling of the growth of the deposition layer and its interaction with the flow is left for future study. The conclusions are summarized below:
• Both the one-stage and the 50% -50% two-stage fuel feeding cases show the peak ash deposition rate appears at the same location-at the height of 4 m, but the peak ash deposition rate of the two-stage feeding case is 37% of the one-stage feeding case. When the fuel feeding increases at the second stage (the 25% - Ash Deposition Rate (kg/m2-s) 75% case), the peak ash deposition rate rises to the height of 7.5 m, and the value decreases to 53% of that from the one-stage fuel feeding case.
• A two-stage fuel feeding scheme could distribute the ash into a larger gasifier's wall surface area and, hence, reduce the peak ash deposition rate and make the ash distribution more uniform within the gasifier.
• Compared to the low-ash-content coal (Ill-6) gasification, the high-ash-content coal (WK-11) gasification has both a high peak ash deposition rate and a high overall ash deposition rate. The peak ash deposition rate of WK-11 is around 0.35 kg/m 2 -s, which is about 11 times that of IL-6. The overall area-weighted average ash deposition rate on the gasifier wall of WK-11 coal is 0.12 kg/m 2 -s, which is 6.7 times that of IL-6 (0.018 kg/m 2 -s).
• The high-ash-content coal gasification has a low syngas HHV and carbon conversion rate. The total syngas HHV of WK-11 is 114,432 kJ/s, only 61% of the value (188,706 kJ/s) of IL-6. The carbon conversion rate in WK-11 coal is 52%.
• To reduce the char moving toward the wall by the centrifugal force generated by the tangential injection scheme in the first stage, an alternative injection scheme, such as opposing jets injection in the first stage could be considered. The result of ash deposition rate in this study can be used as a boundary condition to provide ash particle influx distribution for use in slagging models.
